INTRODUCTION {#sec1-1}
============

Hydrogels are cross-linked hydrophilic polymers with a network structure consisting of acidic, basic, or neutral monomers, which are able to imbibe large amounts of water. Superporous hydrogels (SPHs) are porous hydrophilic crosslinked structures with the ability of absorbing aqueous fluids up to a few hundred times their own weight.\[[@ref1]--[@ref7]\] SPHs are generally prepared by copolymerization/ crosslinking of co-monomers or crosslinking of linear polymers by irradiation or by chemical compounds.\[[@ref8]\] Gas blowing techniques are used to synthesize SPHs. Acrylamide (AM), generally used as monomer, is prepared on an industrial scale by the hydrolysis of acrylonitrile by nitrile hydratase. Most AM is used to synthesize polyacrylamides, which find many uses as water-soluble thickeners. AM has various pharmaceutical\[[@ref9]--[@ref12]\] and biomedical\[[@ref13]--[@ref15]\] applications in the form of hydrogel or SPHs.

Control of foaming and polymerization is necessary to form homogeneous open capillary channels in SPHs. The commonly used foaming agents are inorganic carbonates such as sodium carbonate and sodium bicarbonate; co-monomers are other polymerizable groups compatible with the polymer such as acrylate and methacrylate; and crosslinkers are methylenebisacrylamide (BIS), diacrylate, and higher molecular weight acrylate, which have been safely applied in drug delivery systems. Solvent treatments with SPHs affect its characteristics.

Fast swelling and large swelling ratio make SPHs an excellent candidate material to develop gastric retention devices.\[[@ref16]\] As reported, increase in the concentration of crosslinker decreases gelation times for super absorbent polymer formation,\[[@ref17]\] as well as it decreases the water absorbency of the hydrogel composite.\[[@ref18]\]

In this investigation, SPHs with different BIS concentration were prepared in order to set the suitable BIS concentration that provides SPH with good characteristics for SPH-based drug delivery systems.

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

AM was purchased from Burgoyne Burbidges and Co. Pvt. Ltd., Mumbai, India. Acrylic acid (AA), BIS, Span 80, ammonium persulphate (APS), and N,N,N',N'-tetramethylethylenediamine (TEMED) were purchased from SD Fine Chem Ltd., Mumbai, India. Double distilled water (DDW) was prepared in laboratory. Simulated gastric fluid (SGF) with pH of about 1.2 was prepared in laboratory by dissolving 2 g of NaCl, 3.2 g pepsin, and 6.8 ml of HCl in DDW to a final volume of 1000 ml.\[[@ref19]\] NaCl, pepsin (1:3000), HCl, and all other chemicals used were purchased from SD Fine Chem, Mumbai and used as obtained.

Synthesis of SPH of poly (acrylamide-co-acrylic acid (P(AM-co-AA)) {#sec2-2}
------------------------------------------------------------------

All ingredients except sodium bicarbonate were used as solution in DDW. The pH of the monomer solutions was adjusted to 5.5\[[@ref20]\] with 5 M sodium hydroxide.

For the synthesis of SPH of poly (acrylamide-co-acrylic acid, P(AM-co-AA)) the following substances were added subsequently into a test tube at room temperature (25°C): AM 50%; AA 50%; BIS 2.5%; DDW; Span 80 10%; APS 20%; TEMED 20%; and 200 mg of sodium bicarbonate as shown in [Table 1](#T1){ref-type="table"}. The amount of BIS as a crosslinker was set from 7.37--14.36 % to study its effect on characteristics of SPHs. In this procedure, polymerization was allowed to continue for approximately 10 min. After adding each substance to the test tube, the reaction mixture was vigorously shaken. Finally, sodium bicarbonate was added very quickly to the solution and mixed with a spatula. If sodium bicarbonate was not added quickly enough, since polymerization had already been started by APS as initiator, under this condi-tion, some clumps were formed additionally and homogenous SPH polymer was not obtained.

###### 

Formulation of SPHs using 200 mg of sodium bicarbonate in each batch

![](IJPI-1-17-g001)

After synthesis of SPHs, they were removed with forceps, allowed to dry in an oven at 60°C for 48 h, and cut into pieces of required size. SPH was submerged in hexane.\[[@ref20]\] This treatment dehydrates SPHs quickly as well as provides drying. Thereafter, SPHs were removed with forceps and were put in an oven at 60°C for 48 h in order to be sure that SPHs have been dried completely. These SPHs were stored in airtight container until further use.

Scanning electron microscopy analysis {#sec2-3}
-------------------------------------

Dried SPHs were cut to expose their inner structure and used for scanning electron microscopy (SEM) studies. The morphology and porous structures of SPHs were examined using the ESEM EDAX XL-30 Scanning Electron Microscope (Philips, Netherlands), with an operating voltage of 30 kV.

Density and porosity measurement {#sec2-4}
--------------------------------

For density measurement, the solvent displacement method was used. Dried SPHs, which were treated with different solvents, were used for density measurements, which actually show the apparent densities of SPHs. Pieces of SPHs were taken and weighed in order to determine the mass of each piece. A hydrophobic solvent such as hexane that is not absorbed by SPHs was used for this purpose. By the use of forceps, a piece of the polymer was immersed in a predetermined volume of hexane in a graduated cylinder, and the increase in the hexane volume was measured as the volume of the polymer. The density was calculated\[[@ref21]\] from the following eq. 1:

Density = M~SPH~ / V~SPH~,      (1)

where V~SPH~ is the volume of SPH displaced by solvent and M~SPH~ is the mass of SPH.

For porosity measurement, dried hydrogels were immersed in hexane over night and weighed after excess hexane on the surface was blotted. The porosity was calculated from the following eq. 2:

Porosity = V~P~ / V~T~,      (2)

where V~T~ is the total volume of SPH and V~P~ (= V~T~ - V~SPH~) is the pore volume of SPH. Total volume of SPH can be measured from its dimensions, as it is cylindrical in shape.

Swelling studies {#sec2-5}
----------------

The dried SPHs were used to determine their swelling ratio in DDW and SGF. The swelling ratio can be calculated from the following eq. 3:

Q = (M~s~ -- M~d~) / M~d~,      (3)

where Q is the swelling ratio, M~s~ the mass in the swollen state, and M~d~ the mass in the dried state. At the beginning of each experiment, M~d~ of a piece of polymer was measured by weight and then it was immersed in an excess of DDW for swelling. The swollen SPHs were put on a grid boat like mesh arrangement for easy handling of SPHs during pull up and down without breaking, with a mesh size of 1 mm. This technique allows to put the polymer in water and to weigh it without breaking. Each time the grid boat with the polymer was removed from water, it was gently dried by tissue paper in order to remove adhering water. At specific time intervals the polymer was removed from the water and weighed in order to measure M~s~.\[[@ref22]\] When the weight became constant it was considered as M~s~ and the time was considered as swelling time.

Mechanical strength studies {#sec2-6}
---------------------------

The penetration pressure (PP) of SPHs was measured using a bench comparator as described by Chen *et al*. with modifications.\[[@ref23]\] The fully swollen hydrogel was put longitudinally under the lower touch and weights were successively applied to the upper touch until the polymer completely fractured. The compressive force could be read from the gauge and the penetration pressure\[[@ref24]\] could be calculated from eq. 4:

PP = F~u~ / S,      \....(4)

where *F*~u~ is the ultimate compressive force at complete breakage of the polymer and *S* is the area of the lower touch.

RESULTS AND DISCUSSION {#sec1-3}
======================

Synthesis of SPH of P(AM-co-AA) {#sec2-7}
-------------------------------

To obtain homogeneous SPHs with as many pores as possible, polymerization should take place when the foam was stabilized. In the synthesis procedure of SPH, AA and AM are the monomers. BIS is used as a crosslinker, and span 80 is used as a foam stabilizer of the foam, which is formed by carbon dioxide originating from sodium bicarbonate. Here span 80 was tried instead of Pluronic F127 as reported by Dorkoosh *et al*.\[[@ref20]\] Span 80 does not contribute to the chemical structure of the polymer, but is very important as a surface-active agent to create the highly porous polymer structure. APS is used as a polymerization initiator and TEMED as a catalyst.

APS and TEMED combination initiated the radical polymerization. The radicals formed will then attack the double bonds of AA and AM, and to the double bond of BIS. After that, the double bonds will be opened; the monomers will covalently bind to each other and form a long aliphatic chain, which are subsequently crosslinked by the added crosslinker.\[[@ref20]\]

One of the important factors that influence the synthesis of the SPHs was the pH of the AA monomer solution. At pH 5.0 and low concentration of crosslinker, SPHs with well-distributed pores of 50 -- 150 *μ*m approximately in size, were produced because of the stability and the proper formation rate of the foam.

Scanning electron microscopy analysis {#sec2-8}
-------------------------------------

[Figure 1](#F1){ref-type="fig"} shows the SEM image of SPH. SPH possessed large numbers of interconnected pores, indicating that formation hydrogel with the superporous structure. SPH possesses large numbers of pores, indicating that formation of SPH would not destroy the superporous structure. In the structure of SPH the inner surface contained large numbers of the pores connected to each other. It can be observed in the SEM image which shows structures with a great penetration of the medium into the system with pores that form connections (channels) with the interior of the structure. The capillary channels were clearly observed from SEM image and this may enable water to enter into the hydrogel networks or drug molecules to diffuse out of them.

![SEM image of SPH at magnifi cation ×24](IJPI-1-17-g002){#F1}

Density and porosity measurement {#sec2-9}
--------------------------------

Apparent densities and porosities of SPHs are shown in [Table 2](#T2){ref-type="table"}. SPHs showed increase in density from 0.63 ± 0.04 g/cc to 0.85 ± 0.02 g/cc indicating higher the concentration of BIS higher will be the density. SPHs have density lower than that of the swelling media, DDW and SGF, and so all float on the swelling medium. SPHs showed porosities ranging from 79.23 ± 3.18% to 17.87 ± 0.89%, reflecting the decrease in porosity with increase in BIS concentration, which may be due to increase in crosslink density. The decrease in porosity of the polymer is seen due to the formation of strong crosslink, tends to decrease the size of interconnecting pores and the capillary structure. SEM images support the formation of interconnected pore and capillary channels. A higher concentration of BIS produces a larger degree of polymer chains branching and generates an additional network. Thereby, with the BIS content increasing, the crosslinking density increases. As a result, the network space gets diminished, and less water enters the hydrogel.

Swelling studies {#sec2-10}
----------------

[Table 2](#T2){ref-type="table"} shows swelling parameters in DDW and in SGF. [Figure 2](#F2){ref-type="fig"} shows swelling ratio curves for SPHs in DDW. In DDW SPHs showed decrease in swelling capacity with increase in BIS concentration. This is because water molecules are taken up into SPHs by capillary forces, and making water uptake much faster than the diffusion. When the same SPHs were placed into SGF showed too less swelling capacity. This may be due to the change in pH of swelling medium as DDW has higher pH than SGF. It revealed that the swelling capacity of SPHs depend on the pH of the medium. SPHs swollen in DDW showed very short swelling time to reach its equilibrium size compared to that of swollen in SGF. Swelling ratio of SPHs swollen in descending order with BIS concentration. While in case of SPHs swollen in SGF it was less than 3 which reflects too poor swelling in SGF. In general, increase in BIS concentration tends to poor swelling characteristics in both swelling media. Due to increase in crosslinking density, the media absorbency of the SPH could have been decreased.

###### 

Apparent densities, porosities, and swelling parameters of SPHs
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![Swelling ratio curves for superporous hydrogels in double distilled water](IJPI-1-17-g004){#F2}

Mechanical properties {#sec2-11}
---------------------

The penetration pressures of SPHs are shown in [Figure 3](#F3){ref-type="fig"}. One of the most important requirements for a gastric retention superporous hydrogel is its structural integrity. A superporous hydrogel should be able to withstand the pressure expected in the stomach during repeated gastric contractions, especially the housekeeper waves. Formulation variables, such as the amount of crosslinker, type of monomer, amount of blowing agent as well as process variables all affect the mechanical properties of SPHs. SPHs when swollen in DDW showed mechanical strength that can withstand the pressure during gastric contraction, but when compared to that of in SGF it was less. SPHs showed too good penetration pressure more than 400 cm water , when swollen in SGF. The maximum pressure during the gastric contraction was reported to range from 50--70 cm water.\[[@ref25]\]

![Penetration pressure of superporous hydrogels in Double distilled water (□) and in SGF (■); Mean ± SD, n = 3](IJPI-1-17-g005){#F3}

CONCLUSIONS {#sec1-4}
===========

Increasing the BIS concentration in SPH showed negative effects on swelling characteristics. Higher the concentration of BIS higher will be the density and lower will be the porosity. The increase in BIS concentration is beneficial from mechanical stability point of view, but at the same time the decrease in porosity may lead to decrease in drug release rate by diffusion through these capillary channels. Batch B1 and B2 with good porous structure, swelling characteristics, and mechanical strength are more appropriate for further applications of SPH-based drug delivery systems.
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